The Hedgehog (Hh) signaling pathway is aberrantly activated in a wide variety of human cancers, and recent clinical studies have demonstrated that pathway inhibitors are effective in advanced basal cell carcinoma (BCC). The majority of these agents have been designed to target SMOOTHENED (SMO), a transmembrane regulator of Hh signaling, but subsequent mutations in SMO have been found to generate drug resistance. In other cancers, oncogenic events that bypass SMO may activate canonical Hh signaling, and SMO antagonists have not demonstrated significant activity in several diseases. Therefore, alternative strategies targeting the Hh pathway downstream of SMO may have clinical utility. Liver X receptors (LXR) regulate cholesterol and fatty acid homeostasis, and LXR activation can inhibit the Hh pathway in normal mouse embryonic fibroblasts. We examined the effects of LXR activation on Hh signaling in human multiple myeloma cells and found that LXR agonists inhibited Hh pathway activity and clonogenic tumor growth in vitro. LXR activation also inhibited putative multiple myeloma cancer stem cells in vivo leading to the loss of tumor initiating and self-renewal potential. Finally, Hh signaling was inhibited downstream of SMO, suggesting that LXR agonists may represent a novel strategy to target pathogenic Hh signaling as well as treat multiple myeloma. Mol Cancer Ther; 13(7); 1-9. Ó2014 AACR.
Introduction
The Hedgehog (Hh) signaling pathway is highly conserved and directs cell fate decisions during normal embryonic development (1) . The pathway is subsequently silenced in most postnatal tissues, but aberrant reactivation has been identified in many human cancers (2) . The widespread nature of aberrant Hh pathway activity in cancer has led to the development of several Hh pathway antagonists, and the recent approval of the novel inhibitor vismodegib for the treatment of advanced basal cell carcinoma (BCC) has validated the pathway as a therapeutic target in clinical oncology (3, 4) .
Mammalian Hh signal transduction involves binding of one of the three extracellular ligands, sonic (SHh), Indian (IHh), and desert (DHh) Hh, to the cell-surface receptor patched (PTCH), a 12-transmembrane protein that normally inhibits the seven-transmembrane protein Smoothened (SMO), and renders the pathway inactive in the absence of ligand (5) . Ligand binding inactivates PTCH, which in turn derepresses SMO and modulates the interaction between Suppressor of fused (SUFU) and the three GLI proteins that act as transcriptional regulators and downstream effectors of Hh signaling.
In cancer, aberrant Hh signaling may occur by several mechanisms (6) . Mutations in PTCH1 and SMO that lead to Hh ligand-independent pathway activation have been described in BCC and medulloblastoma. In other malignancies, pathway activation may be driven by increased levels of Hh ligands secreted by either tumor cells or nonmalignant cells in the microenvironment that directly or indirectly enhance cell proliferation and survival. Similar to its effects on normal stem cells and progenitors during development, increased Hh signaling may also enhance the tumorigenic potential and self-renewal of putative cancer stem cells (CSC) in several malignancies (7) , including glioblastoma, colorectal carcinoma, and chronic myeloid leukemia (8) (9) (10) (11) . In the plasma cell malignancy multiple myeloma, Hh signaling induces the expansion of multiple myeloma precursors that enhances their clonogenic growth potential, whereas pathway inhibition induces terminal tumor cell differentiation and the loss of self-renewal (12) . Therefore, strategies to inhibit pathogenic Hh signaling may be effective across several cancer types as well as against multiple tumor cell subpopulations.
The vast majority of clinical strategies targeting the Hh pathway, including vismodegib, have been designed to inhibit SMO (13) . However, secondary SMO mutations resulting in drug resistance may emerge (14) (15) (16) , and specific oncogenic events, such as mutated RAS and increased TGFb signaling, may activate GLI transcription factors in a SMO-independent manner (17) . Therefore, agents acting downstream of SMO may represent novel anticancer approaches.
Oxysterols are oxidized cholesterol molecules capable of both activating and inhibiting Hh signaling (18) (19) (20) . Specific oxysterols may activate the Hh pathway by directly interacting with SMO through a putative sterol-sensing domain (18, 21) . In addition, oxysterols also act as ligands for liver X receptors (LXR) that are members of the nuclear receptor superfamily of transcriptional regulators and regulate lipid and cholesterol homeostasis by inducing the expression of several cellular factors involved in cholesterol efflux and fatty acid and triglyceride synthesis (22) . Both oxysterols and synthetic nonsteroidal LXR ligands have been found to inhibit Hh signaling in normal embryonic fibroblasts, suggesting that these agents may serve as novel Hh pathway antagonists (20) .
The impact of LXRs on Hh signaling within cancer cells is unknown; therefore, we examined the effects of LXR agonists on Hh signaling and the growth of multiple myeloma cells. Similar to embryonic fibroblasts, LXR activation inhibited Hh signaling in multiple myeloma cells. LXR agonists also inhibited the tumorigenic potential of multiple myeloma cells both in vitro and in vivo and acted downstream of SMO, suggesting that they may have broader applicability than current clinically available Hh pathway inhibitors.
Materials and Methods

Cell lines, clinical specimens, and cell culture
The human multiple myeloma cell lines NCI-H929, U266, NCI-H929, and MM1.S were obtained from the American Type Culture Collection and KMS-11 and KMS-12 from DSMZ and authenticated by short tandem repeat profiling at the Johns Hopkins Genetic Resources Core Facility (Baltimore, MD). All cell lines were obtained in 2012, expanded, and frozen down in several aliquots. Each aliquot was thawed and used for no more than 6 months. Cells were cultured in Advanced RPMI 1640 (Invitrogen) containing 1% fetal bovine serum (FBS; Sigma), 2 mmol/L L-glutamine, 10 mmol/L HEPES, 50 U/mL penicillin, and 50 mg/mL streptomycin. Primary bone marrow samples were obtained from newly diagnosed patients with multiple myeloma granting informed consent as approved by the Johns Hopkins Medical Institutes Institutional Review Board. Bone marrow mononuclear cells (BMMC) were isolated by density centrifugation (Ficoll-Paque; Pharmacia), and plasma cells were isolated using anti-human CD138 magnetic beads (Miltenyi Biotec). Cells were treated with 22(R)-hydroxycholesterol, 22(S)-hydroxycholesterol, T0901317, and GW3965, all obtained from Sigma, and used at a concentration of 1 mmol/L or ethanol as a vehicle control. Cyclopamine was obtained from Sigma and used at 5 mmol/L (12). Hh signaling was induced with supernatant collected from 293 cells stably transfected to produce SHh ligand and titered to provide equivalent Hh luciferase reporter activity as 100 ng/mL recombinant N-SHh (R&D Systems) using NIH 3T3 Light II cells (ATCC; ref. 23, 24) . Supernatant from nontransfected 293 cells was used as a control.
Tumor cell colony formation in methylcellulose was used to quantify in vitro clonogenic growth according to our previously published methods (25, 26 C and 5% CO 2 , tumor colonies consisting of more than 40 cells were quantified using an inverted microscope.
Reverse transcriptase PCR
Following 48 hours of treatment, cellular RNA was isolated with the RNeasy Plus Mini Kit (Qiagen), reverse transcribed using SuperScript II polymerase and oligo-dT according to the manufacture's protocol (Invitrogen). Real-time quantitative RT-PCR (qPCR) was performed using the TaqMan Universal Master Mix (Applied Biosystems) and the following FAMbased Taqman primer/probes sets (Applied Biosystems): LXRa (Hs00172885_m1), LXRb (Hs01027215_g1), ABCA1 (Hs001059118_m1), ABCG1 (Hs00245154_m1), SREBP-1c (Hs00550338_m1), PTCH1 (Hs00181117_m1), GLI1 (Hs00171790_m1), HHIP (Hs00368450_m1), and b-actin (huACTB; #4352935E) on an iCycler thermocycler (Bio-Rad). Expression levels were normalized to b-actin and compared using the DDC T method.
Transient transfections
U266 cells (2 Â 10 6 ) were transfected with DNA (2 mg) or siRNA (500 nmol/L) in Solution C using the Amaxa Nucleofector (Program X-05; Lonza). The expression of Gli1 or the constitutively active SMO-mutant Smo-M2 was induced by transfection of pSR1a-Gli1 or pEGFP-C1-SmoM2, respectively (27) . Gene knockdown was carried out using ON-TARGETplus SMARTpool and/or Trilencer-27 siRNA against LXRa, LXRb, SUFU, ABCA1, ABCG1, SREBP-1c, or a scrambled siRNA control (Dharmacon and OriGene). Following transfection, target gene knockdown was quantified by qPCR and found to be >80% for each gene 24 hours following transfection (data not shown). Hh pathway activity was quantified using a Gli-responsive firefly luciferase reporter plasmid (pGli8-Luc, 1.8 mg) cotransfected with a constitutive Renilla luciferase expression vector (0.4 mg, pRL-CMV; Promega) to correct for transfection efficiency. Cells were collected 24 hours after transfection and examined for luciferase activity using the Dual Luciferase Reporter Assay according to the manufacturer's instructions (Promega).
Flow cytometry and cell sorting
Cells were stained with a mouse anti-human CD138 antibody conjugated to fluourescein isothyocyanate (FITC) or allophycocyanin (APC; BD Pharmingen) for 30 minutes at 4 C, washed, and resuspended in PBS containing 0.2% BSA and 1 mg/mL propidium iodide (PI; Sigma), and analyzed on a FACSCalibur flow cytometer (BD Biosciences). Aldehyde dehydrogenase (ALDH) activity was detected using the ALDEFLUOR Kit (Stem Cell Technologies) and ALDH þ cells were identified on the basis of a control reaction containing the ALDH inhibitor diethylaminobenzaldehyde (DEAB). CD138
þ and CD138 À cells were isolated by FACS following staining for surface CD138 expression and the exclusion of dead cells using 7-AAD. The lowest and highest 5% of cells expressing CD138 were collected using a FACSAria II cell sorter (BD Biosciences).
Animal studies
All animal studies were approved by the Johns Hopkins Medical Institutes Animal Care Committee. Immunodeficient NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice were bred and maintained in the Johns Hopkins animal core facility. For ex vivo treatment studies, U266 cells were treated with vehicle or T0901317 for 2 weeks, washed twice with PBS, and injected (1 Â 10 6 cells) via the tail vein into 8-to 10-week-old mice. Following the development of hind limb paralysis or after 6 months, engraftment was examined by detection of human CD138
þ cells within the bone marrow by flow cytometry. For in vivo T0901317 treatment studies, NSG mice were injected with U266 cells (1 Â 10 6 ) followed by feeding ad libitum with Teklad Global 16% Protein Diet (Harlan) containing or lacking T0901317 (0.013%) to approximate 25 mg/kg/day (28) . Secondary transplants were carried out by determining the concentration of human CD138
þ cells within the bone marrow of primary recipients by flow cytometry and then injecting whole bone marrow cells containing 1 Â 10 6 human CD138 þ cells into secondary recipients.
Statistical analysis
Results are presented as the mean AE SEM. Comparisons between groups were performed using a two-tailed, paired Student t test. Kaplan-Meier analysis was carried out using a log-rank test. P values < 0.05 were considered significant.
Results
Multiple myeloma cells express LXRs and are responsive to LXR agonists
We initially examined the expression and activity of LXRs in multiple myeloma cells. LXRs consist of two isoforms with high levels of LXRa (NR1H3) in the liver, gut, spleen, and macrophages, whereas LXRb (NR1H2) is broadly expressed in all adult tissues. We studied the human multiple myeloma cell lines, U266, NCI-H929, and KMS12, and detected the expression of both LXRa and LXRb by RT-PCR (Supplementary Fig. S1 ). Ligand-dependent activation of LXRs by oxysterols induces the expression of specific target genes involved in cholesterol and lipid metabolism, including the ATP-binding cassette 29, 30) . In contrast, the stereoisomer of 22R, 22 (S)-hydroxycholesterol (22S) that can act as an LXR antagonist in some cell types, failed to significantly induce LXR target genes in any of the multiple myeloma cell lines studied (Fig. 1B) . We also examined the activity of LXRs in multiple myeloma plasma cells isolated from three distinct primary clinical bone marrow specimens and found a similar induction of LXR target gene expression following treatment with T0901317 compared with control treated cells ( Fig. 1B ; P < 0.05). Therefore, LXRs are present and active within multiple myeloma cells.
LXR activation inhibits Hh signaling in multiple myeloma
In murine embryonic fibroblasts, LXR activation inhibits Hh pathway signaling (20) . We examined whether this cross-talk was conserved in human cancer cells by treating NCI-H929 and U266 multiple myeloma cells with T0901317 following transfection with a GLI-responsive reporter construct. Compared with vehicle-treated control cells, exogenous SHh ligand increased baseline reporter activity that was subsequently inhibited by approximately 50% following treatment with T0901317 ( Fig. 1C ; P < 0.01). We also examined the expression of canonical Hh target genes and found that T0901317 significantly inhibited the expression of PTCH1, GLI1, and HHIP induced by SHh ligand compared with vehicle-treated control cells ( Fig. 1D ; P < 0.03). Therefore, LXR activation inhibits Hh pathway activity in human multiple myeloma cells similar to its effects on normal murine fibroblasts.
LXR activation inhibits clonogenic multiple myeloma growth in vitro
We previously demonstrated that Hh signaling enhances multiple myeloma growth, and to determine the impact of LXR activation on clonogenic multiple myeloma growth, we treated KMS12, NCI-H929, and U266 cells with T0901317 and quantified colony-forming potential in methylcellulose. Compared with vehicle controls, treatment with T0901317, GW3965, or 22R significantly inhibited tumor cell colony formation by 30% to 65% in all three cell lines ( Fig. 2A and Supplementary Fig. S3 ; P < 0.01). Furthermore, T0901317 inhibited colony formation to a similar degree both at baseline as well as in the presence of exogenous SHh ligand to maximize Hh pathway activity ( Fig.  2A ; P > 0.2). This inhibition of clonogenic multiple myeloma growth was not due to changes in cell proliferation or the induction of apoptosis as treatment with T0901317 did not significantly impact the number of total or viable cells compared with vehicle control cells (Supplementary Fig. S4 ; P > 0.9). We also studied nine primary clinical bone marrow specimens collected from patients with multiple myeloma and found that T0901317 similarly inhibited colony formation by 59% to 98% (Fig. 2B) , similar to what we previously observed with the SMO antagonist cyclopamine (12) . We repeated these studies over a range of T0901317 concentrations and found that Hh pathway inhibition and clonogenic growth closely mirrored LXR transcriptional activity, suggesting that these activities are linked ( Supplementary Fig. S5 ). Although T0901317 has been used to investigate the function of LXRs in a wide variety of experimental systems, it may activate other nuclear receptors, including the Farnesyl X (FXR) and Pregnane X (PXR) receptors in addition to LXRs. To demonstrate that LXR activation was primarily responsible for the effects of T0901317 on clonogenic multiple myeloma growth, we transfected cells with siRNA against LXRa and LXRb before treatment. Combined knockdown of LXRa and LXRb using two (Fig. 2C, Supplementary Fig. S6) ; therefore, the effects of T0901317 on clonogenic multiple myeloma growth are dependent on the expression of both LXRa and LXRb. 
LXR activation inhibits Hh signaling epistatic to SUFU
Pathogenic Hh pathway activation may occur at several levels of the signal transduction cascade, including mutations in PTCH1, SMO, and SUFU, as well as amplification of GLI1 (7). Therefore, we examined the level at which LXR activation impacts Hh signaling in multiple myeloma cells. Hh signaling is initiated by ligand binding to PTCH that leads to the derepression of SMO. To determine whether T901317 inhibits Hh signaling at or above the level of SMO, we transfected U266 multiple myeloma cells with a constitutively active SMO mutant, Smo-M2 (31), and found that its expression did not significantly affect the ability of T0901317 to inhibit colony formation compared with cells transfected with a control expression vector ( Fig. 2D ; P > 0.02 compared with vehicle control). In contrast, the overexpression of GLI1 in U266 cells increased clonogenic multiple myeloma growth that was unaffected by treatment with T0901317 ( Fig. 2D ; P > 0.3). SUFU acts downstream of SMO and mediates the posttranscriptional inactivation of the GLI transcription factors, and SUFU inactivation leads to aberrant Hh pathway activation. The transfection of U266 cells with siRNA against SUFU resulted in increased colony formation compared with cells transfected with control scrambled siRNA, and this increased clonogenic growth was significantly, albeit not completely, inhibited by subsequent treatment with T0901317 (66% vs. 38% inhibition compared with siRNA-transfected cells, Fig. 2E ; P < 0.05). Therefore, T0901317 seems to impact the Hh signal transduction pathway at a level epistatic to SUFU.
We also investigated the requirement for specific LXR target genes on the effects of T0901317 and quantified the clonogenic growth of U266 cells following gene knockdown. Compared with control siRNA-transfected cells, the loss of ABCA1 and SREBP1-c, but not ABCG1, expression inhibited baseline colony formation ( Fig. 2F; P < 0.04) . Moreover, loss of ABCA1, ABCG1, or SREBP1-c failed to completely rescue the inhibitory effects of T0901317, suggesting that each of these LXR target genes contributes to its activity.
LXR activation inhibits multiple myeloma tumorinitiating cells
We previously demonstrated that Hh pathway inhibition induces the terminal differentiation of CD138 À multiple myeloma tumor-initiating cells (TIC), which results in the loss of clonogenic growth potential. To determine whether LXR activation similarly inhibits multiple myeloma precursors, we treated KMS12, NCI-H929, and U266 cells with T0901317 or 22R and quantified CD138 expression by flow cytometry. Compared with vehicle control-treated cells, treatment with T0901317 or 22R significantly decreased the proportion of CD138
À cells within each cell line by 67% to 82% (Fig. 3A ; Supplementary Fig. S7A ; P < 0.01). Because CD138 may be lost by mature multiple myeloma plasma cells during apoptosis, we examined ALDH expression that also enriches for multiple myeloma TICs and found that T0901317 or 22R treatment significantly decreased the proportion of ALDH þ KMS12, NCI-H929, and U266 cells by 57% to 77% ( Fig. 3B; Supplementary Fig. S7B ; P < 0.02). We also examined the impact of LXR activation on the differentiation of isolated CD138
À U266 cells and found that CD138 expression was induced by T0901317 to a similar extent as cyclopamine ( Supplementary Fig. S7C ).
We previously found that Hh pathway activity is relatively increased within CD138
À precursors, and we examined the relative effects of T0901317 on CD138 þ and CD138
À multiple myeloma cells. We isolated each subpopulation from U266 and NCI-H929 cells by FACS and quantified the expression of LXR and Hh target genes following treatment with T0901317. In NCI-H929 cells, T0901317 induced the expression of LXR target genes (i.e., ABCA1, ABCG1, and SREBP-1c) to a similar extent in CD138 þ and CD138 À cells (Fig. 3C ), but inhibited Hh signaling (i.e., PTCH and GLI1) to a greater degree in CD138
À than CD138 þ cells (Fig.  3D) . In U266 cells, LXR target genes were induced to higher levels in CD138 þ cells compared with CD138
À cells (Fig. 3C) ; however, T0901317 treatment inhibited PTCH1 and GLI1 expression levels to a significantly greater degree in CD138 À than CD138 þ cells ( Fig. 3D ; P < 0.03). Therefore, LXR activation may preferentially target Hh signaling within CD138 À TICs.
LXR activation inhibits clonogenic multiple myeloma growth in vivo
To examine the impact of LXR activation on the tumorigenic potential of multiple myeloma cells, we treated U266 multiple myeloma cells ex vivo with T0901317 for 2 weeks followed by injection into NSG mice. Compared with vehicle control cells, mice injected with T0901317-treated cells displayed a significantly prolonged survival (11.6 vs. 29.6 weeks; Fig. 4A ; P < 0.002). We also examined the impact of in vivo T0901317 treatment by injecting NSG mice with U266 cells and then providing feed containing or lacking T0901317, a method that significantly induced the expression of the LXR target genes ABCA1, ABCG1, and SREBP-1c in the bone marrow of mice receiving T0901317 (5-84 fold compared with control-treated animals; Supplementary Fig. S8 ; P < 0.02). All mice receiving control or T0901317 containing feed engrafted with multiple myeloma evidenced by human CD138 þ multiple myeloma cells within the bone marrow (data not shown) and eventually succumbed, but mice treated with T0901317 survived significantly longer compared with control-treated mice (16 vs. 10 weeks; Fig. 4B ; P < 0.002). To examine the impact of in vivo LXR treatment on multiple myeloma self-renewal, we carried out secondary transplants by injecting equal numbers of tumor cells into na€ ve recipients without further treatment. All mice injected with cells derived from control-treated animals demonstrated multiple myeloma engraftment and survived a median of 18.6 weeks. In contrast, none of the animals receiving an equivalent number of multiple myeloma cells from T0901317-treated animals had evidence of tumor engraftment or died by 40 weeks ( Fig. 4C ; P < 0.002).
Discussion
Aberrant Hh pathway activation in human cancers has led to the development of specific pathway antagonists, such as vismodegib, with significant clinical activity in BCC (3, 4) . Secondary mutations in SMO may lead to therapeutic resistance (14) ; therefore, novel Hh pathway inhibitors may be clinically beneficial. We have found that LXR activation significantly inhibits Hh signaling in multiple myeloma cells and results in the inhibition of TICs and clonogenic growth. Moreover, the LXR agonist T0901317 was effective in cells expressing SMO-M2, suggesting that LXR activation may represent an alternative approach to inhibiting pathogenic Hh signaling. Despite the success of Hh inhibitors in BCC, SMO inhibitors have not been effective in other tumor types (6) . In BCC, mutations in PTCH or SMO lead to aberrant Hh pathway activity, but similar mutations are rarely found in other tumor types. Other events such as mutations in SUFU, the EWS-FLI fusion gene characteristic of Ewing sarcoma, and RAS mutations can also increase GLI transcriptional activity in a SMO-independent manner (7). Several preclinical strategies have identified agents that target Hh pathway activation downstream of SMO by disrupting the intracellular processing and translocation of pathway components (Hh pathway inhibitors 1-4, arsenic, itraconazole), GLI1 function (GANT-61), or the formation of primary cilia (32) (33) (34) (35) (36) . We found that LXR agonists are also capable of inhibiting multiple myeloma clonogenic growth in cells with decreased levels of SUFU but not overexpression of GLI1. Therefore, LXR agonists seem to interact with Hh signaling at or downstream of SUFU.
Although our studies do not reveal the precise mechanism for Hh pathway inhibition, it is unlikely that it directly acts on GLI1 transcriptional activity as the overexpression of GLI1 rescued U266 cells from T0901317-mediated inhibition. Moreover, it is unlikely that the disruption of primary cilia is involved, as these cellular structures have not been described in lympho-hematopoietic cells. Oxysterols serve as ligands for LXRs that regulate cholesterol metabolism, and both oxysterols and cholesterol have been found to impact Hh pathway activity. Specific oxysterols, such as 20(S)-hydroxycholesterol, can directly bind to and activate SMO (18), but we found that the effects of T0901317 were dependent on the expression of LXRa and LXRb, suggesting that it does not directly target SMO. T0901317 induced the expression of ABCA1 and ABCG1, two ABC transporters that mediate cholesterol efflux, and the inhibition of ABCA1 and SREBP1-c expression inhibited colony formation by U266 multiple myeloma cells. Decreased intracellular cholesterol levels have been found to inhibit Hh signaling (37) , possibly by modulating the accumulation of SMO at the plasma membrane (38) , and it is also possible that T0901317 acts through this mechanism.
Several reports have demonstrated that T0901317 can inhibit the proliferation and induce the apoptosis of prostate and breast cancer cells (39, 40) . We found that T0901317 did not induce cell death, but rather inhibited clonogenic multiple myeloma growth and self-renewal. T0901317 has also been found to induce the differentiation of human AML cell lines and primary clinical specimens in combination with retinoid X receptor agonists (41), and we previously found that Hh pathway inhibition induces the differentiation of multiple myeloma precursors (12) . T0901317 and 22R also decreased the relative proportion of multiple myeloma CSCs defined as CD138 À or ALDH þ cells. Because multiple myeloma CSCs are relatively resistant to several anti-multiple myeloma agents, including the thalidomide analogue lenalidomide and the proteasome inhibitor bortezomib (26, 42) , LXR agonists may represent novel strategies to target drug-resistant CSCs.
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